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Actomyosin flows are involved in a variety of cellular
processes, including cytokinesis, cell migration, po-
larization, and morphogenesis. In epithelia, flow po-
larization orients cell deformations. It is unclear,
however, how flows are polarized and how global
patterns of junction remodeling emerge from flow
polarization locally. We address this question during
intercalation-driving extension of the Drosophila
germband. Intercalation is associated with polarized
junction remodeling, whereby actomyosin pulses
flow anisotropically toward dorsal-ventral junctions
and shrink them. Here, we show that planar polariza-
tion of flows emerges from polarized fluctuations in
the levels of E-cadherin clusters that produce tran-
sient and oscillating asymmetries of coupling. These
fluctuations are triggered by polarized E-cadherin
endocytosis and are amplified by flow itself. This
work suggests that fluctuations and mechanical
instability are not the consequences of limited con-
trol over the systems key parameters, but rather
that they define the axis of symmetry breaking.
INTRODUCTION
Cell shape changes drive profound remodeling of tissues in an-
imals. This entails the concerted regulation of force generating
machines, namely actomyosin networks and adhesive systems,
in particular E-cadherin (E-cad) complexes that transmit cell ten-
sion owing to interaction with the actin cytoskeleton (Lecuit and
Lenne, 2007). Recent studies provided evidence of striking sim-
ilarities between cells undergoing apical constriction, a process
necessary for tissue invagination and cells that intercalate, which
drive tissue extension. In both cases, actomyosin pulses pro-
duce transient deformations (Blanchard et al., 2010; David
et al., 2010; Fernandez-Gonzalez and Zallen, 2011; Martin
et al., 2009; Rauzi et al., 2010; Roh-Johnson et al., 2012;
Sawyer et al., 2011). Such deformations depend on mechanical
coupling to the cortex, a process that can be developmentally
regulated (Roh-Johnson et al., 2012). However, some key differ-
ences were identified. Pulses do not flow to cell junctions during162 Developmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inapical constriction, resulting in isotropic deformations (Blan-
chard et al., 2010; David et al., 2010; Martin et al., 2009; Solon
et al., 2009), whereas they do so in a planar-polarized manner
in intercalation (Rauzi et al., 2010), causing shrinkage of dorsal/
ventral (DV)-oriented junctions (Figure 1A;Movie S1 available on-
line). The presence or absence of flow is thus a major bifurcation
in the morphogenesis of epithelial cells.
Actomyosin flow is a widespread phenomenon involved in
multiple processes such as cell deformation, polarization,
wound healing, and cytokinesis (Bray and White, 1988; Levayer
and Lecuit, 2012). During cytokinesis or in the Caenorhabditis
elegans zygote, the symmetry breaking driving flow polarization
is a key process that will determine all subsequent polarity in the
system (Mayer et al., 2010; Munro et al., 2004; Sedzinski et al.,
2011; Werner et al., 2007). So far, twomodes of flow polarization
have been reported: flows triggered by a gradient of contractility,
generated for instance by a local activation/inhibition of Myosin-
II motor activity (Mayer et al., 2010; Munro et al., 2004; Sedzinski
et al., 2011; Werner et al., 2007), or flows triggered by the asym-
metric anchorage of an isotropically contracting actomyosin
network (Mori et al., 2011). Deciphering the mechanisms of sym-
metry breaking associated with flow in the germ band is key to
understanding planar polarization in this tissue and, more gener-
ally, to understanding the mechanisms controlling actomyosin
flow initiation.
Interestingly, the mechanism of flow polarization in the germ
band raises several paradoxes. First, germ band elongation re-
quires the concerted shrinkage of all DV junctions. This could
be achieved by two modes of flow polarization. Myosin-II
(Myo-II) could flow persistently toward one DV junction within
each cell, thereby following the classical definition of planar po-
larity that defines one vector of orientation per cell. Yet, this hy-
pothesis is unlikely, as flows target both DV junctions within each
cell (Figure 1A; Movie S1) (Rauzi et al., 2010). Alternatively, flows
would be targeted concomitantly toward the two facing DV junc-
tions. However, this model would differ from all the mechanisms
of MyoII flow described so far, where flows proceed toward a
single attractor region (Levayer and Lecuit, 2012).
The second paradox lies in the relationship between MyoII
flow direction and the steady-state distribution of E-cad at the
junction. Flow is directed to DV junctions where, on average,
E-cad levels are lower compared to ‘‘transverse’’ junctions
(Blankenship et al., 2006; Levayer et al., 2011; Simo˜es et al.,
2010). This is apparently inconsistent with the idea that E-cad
and a-catenin (a-cat) anchor pulling forces of the medialc.
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Rauzi et al., 2010; Yonemura et al., 2010).
In the following, we address these two paradoxes and pro-
pose a mechanism of flow polarization based on the oscillatory
behavior of its attractor. We first demonstrate that E-cad levels
control the strength of medial actomyosin pulling forces and
that flows are triggered by E-cad asymmetry and proceed to-
ward E-cad-enriched region. As such, high and uniform levels
of E-cad inhibit flow by balancing traction forces. We then
show that actomyosin flows alternate toward the anterior and
posterior directions within each cell, thereby allowing concerted
shrinkage of all DV junctions. This is controlled by the alternating
asymmetry of E-cad levels between the two facing DV junctions,
generating transient asymmetries of anchorage. We then show
that E-cad fluctuations are triggered by E-cad endocytosis and
amplified by the flow itself. Thus, we propose a mechanism of
flow polarization whereby planar polarity (here controlling the
steady-state distribution of E-cad and E-cad endocytosis) in-
creases E-cad fluctuations in DV junctions, thereby generating
oscillatory behavior of MyoII flow and allowing persistent remod-
eling of all DV junctions in the tissue. This model illustrates the
need to encapsulate the dynamics of the system (oscillations)
to understand its spatial pattern (planar polarization).
RESULTS
E-Cadherin Asymmetries Orient Actomyosin Flows
Actomyosin dynamics was analyzed using a functional fusion
between Drosophila MRLC (Sqh) and GFP, called MyoII::GFP.
We quantified flow orientation and velocity using particle image
velocimetry (PIV) (see Experimental Procedures for details). PIV
parameters (including time of integration, size of the template
for cross-correlation, and final restriction of the analysis in a cen-
tral 50 3 50 to 60 3 60 pixels region) were optimized in order to
catch most of medial MyoII movement while avoiding con-
tribution of the junction signal (see Experimental Procedures;
Figure S1; Movie S1). PIV captured accurately details of medial
MyoII movements, including medial MyoII particle coalescence
and divergence (Figure S1J; Movie S1). Moreover, we could
measure accurately the polarity of flow (preferential flow in the
AP axis) using the mean AP/DV speed ratio with PIV vectors in-
tegrated over 200 s both in wild-type (WT) (Figure S1B; Movie
S1; ratio significantly higher than 1, p = 0.002) and in conditions
where flow polarity was known to be affected (absence of polar-
ity following mild a-catenin downregulation, Figures S1K and
S1L; ratio not significantly different from 1, p = 0.63, as shown
previously by other means) (Rauzi et al., 2010). Finally, medial
MyoII particle movement correlated with medial actin move-
ments (Figure S1M, as reported in Rauzi et al., 2010) and we
could also measure a significant polarity of medial actin move-
ments by PIV (Figure S1N). Thus, PIV is an accurate tool to
extract information about medial actomyosin flow polarity, flow
speed, and flow frequency.
E-cadherin complexes can transmit cell tension through inter-
actions with the actin cytoskeleton (Lecuit and Lenne, 2007). As
such, E-cad distribution and E-cad concentration should affect
the distribution of pulling forces exerted by the medial actomy-
osin network on cell contours. To see if E-cad complexes can
attract actomyosin by setting the strength of mechanicalDevecoupling, we experimentally designed differential patterns of
E-cad. Following strong knockdown of a-catenin (Figures 1B
and S2A;Movie S2) or E-cad (Figure S2B;Movie S2), E-cad clus-
ters became undetectable 30 min after the onset of gastrula-
tion (not shown), and cells lost adherens junctions and became
round. Strikingly, MyoII::GFP flowed centripetally toward a
medial ‘‘apical’’ cluster (Figures 1B, S2A, and S2B; Movie S2).
This ‘‘default state’’ is similar to the flow observed in
C. elegans zygote where MyoII flow proceeds along contractility
gradient (Mayer et al., 2010; Munro et al., 2004). We then engi-
neered asymmetric distribution of E-cad in cells. RNAi to a-cat
can produce mosaic distribution of E-cad in the tissue, some
cells showing low, background levels of E-cad in contact with
‘‘normal’’ cells (Figure 1C). In the strong knockdown cells, the re-
maining E-cad complexes are mostly recruited at the boundary
with normal cells. In these cells, MyoII::GFP flowed consistently
toward the remaining adhesive contact where E-cad is enriched
(Figures 1C and 1D; Movie S3). We also overexpressed E-cad in
mosaics. Mosaic overexpression could not be achieved at early
stages (e.g., germ band extension [GBE]) so we looked at amnio-
serosa cells during dorsal closure where medial apical MyoII
pulses also flow toward junctions (Blanchard et al., 2010; David
et al., 2010). E-cad or, as a control, mRFP were induced in a sin-
gle band of cells using the eve.stipe3-Gal4 driver (Figures 1E and
S2C). E-cad::GFP overexpression significantly biased MyoII
flows toward the boundary (Figure 1F), as shown by the distribu-
tion of MyoII flow angles (Figure 1G) and the increase of MyoII
flow velocity along the E-cad asymmetry versus perpendicular
to it (Figure 1H; Movie S4). In contrast, there was no flow polar-
ization at the contact with cells overexpressing mRFP (Figures
1E–1H; Movie S4). Flow polarization was not associated with a
visible accumulation of MyoII at the E-cad-enriched junctions
(Figure S2D), indicating that E-cad overexpression did not
induce a gradient of contractility that would attract flows. We
conclude that E-cad asymmetry reorients actomyosin flows.
E-Cadherin Levels Affect Flow Dynamics
E-cad asymmetry could cause differential coupling of the medial
actomyosin network to junctions, thus producing asymmetric
pulling forces and a mechanical imbalance responsible for the
flow. If so, increasing globally the levels of E-cad should increase
medial MyoII coupling to all junctions. As a result the actomyosin
medial network should pull strongly and similarly on all junctions,
hence generating a mechanical balance across the cell that re-
duces flow frequency and/or intrinsic speed. Wemeasured in in-
tercalating cells the mean integrated flow velocity over 200 s.
This was a measure of both flow frequency (namely how
frequently a flow is triggered) and flow speed per se (see Exper-
imental Procedures) during this time window. We found that the
mean integrated velocity was significantly reduced (p < 104) in
cells overexpressing E-cad compared to wild-type cells (Figures
2A and 2B; Movie S5). Consequently, MyoII pulses remained in
the apical region, the fraction of MyoII in the apical region
increased (Figure 2C, p < 105), and there was a partial but sig-
nificant apical constriction (Figure 2D, p < 105). We observed
the opposite when the levels of E-cad were globally reduced in
heterozygous shg null mutants: themean integrated flow velocity
increased, the MyoII apical/junction ratio level was reduced, and
cells relaxed their apical surface (Figures 2A–2D; Movie S5).lopmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inc. 163
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Figure 1. E-Cad Asymmetric Distribution Reorients MyoII Flow
(A and B) Z projection of MyoII::GFP during GBE in WT (A) and a strong phenotype obtained upon injection of a-cat RNAi (B). Scale bars represent 5 mm. Right
panels: vectors of medial MyoII displacement obtained on cells marked with a white star (PIV, integration over 200 s, one frame/2 s). Blue lines are cell contours.
Right cartoons: average trend of MyoII flow (average of many cells); left-right (anteroposterior) in WT and centripetal in strong a-cat RNAi. Green lines, E-cad
junctional levels; orange arrows, MyoII flow; A, anterior; P, posterior; D, dorsal; V, ventral.
(C) Mosaic conditions following injection of a-cat RNAi during GBE. E-cad::GFP (middle) and MyoII::mCherry (left). Cells on the left have no detectable E-cad
whereas adherens junctions are intact in the cells on the right (white dashed line: boundary). Scale bar represents 5 mm. The displacement vectors of MyoII in
adhesion deficient cells are shown on the right (PIV, 150 s integration, one frame/5 s).
(D) Distribution ofMyoII PIV angle of displacement obtained for each cell over 150 s (0 = toward the contact of interest). The right cartoon shows the average trend
of MyoII flow (attraction toward intact adherens junctions).
(E) Snapshots of MyoII::GFP localization in the amnioserosa cells. Blue lines show the cells sharing a contact with a cell overexpressing E-cad::GFP (green, top) or
mRFP (red, bottom) under the control of eve.stripe3-Gal4 driver. Scale bars represent 10 mm.
(F) PIV vectors obtained in the cells indicated by a white star in (E) (400 s integration, one frame/4 s). The contact of interest has been reoriented at 90 on the right.
White dashed squares show the ROIs used for PIV analysis. Note that the vectors close to the junction of interest are irrelevant as they are mostly showing
junctional E-cad::GFP displacement and are outside the ROI.
(G) Cartoon showing the orientation of the cells used for PIV analysis. On the right: distribution of the angle of displacement ofMyoII (one value per cell, 0 = toward
the contact of interest); top green, UAS-ecad::GFP neighbors; bottom red, UAS-mRFP neighbors.
(H) Average integrated speed ratio in x (u, 0) over y (v, 90) direction (one value per cell). The black dashed line indicates the value 1 (no polarity). P values are
obtained through a one-sample t test with 1 as reference. Error bars are SEM.
See also Figures S1 and S2 and Movies S1, S2, S3, and S4.
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Figure 2. E-Cad Overexpression Inhibits Flow by Generating Balanced Anchoring Forces
(A) Confocal acquisitions and z projection of MyoII::GFP in control embryos, embryos overexpressing E-cad (uas-ecad), and embryos laid by mother where one
copy of e-cad gene is removed (e-cad/+). Scale bars represent 5 mm.
(B) Average integrated speed of medial-apical MyoII (mm/s, PIV integrated over 200 s, one frame/2 s, one value per cell, see Experimental Procedures for details).
Error bars are SEM.
(C) Average ratio of integratedmedial-apical MyoII::GFP intensity over total intensity corrected by the surface ratio (one value per cell, 1 = uniform intensity). Error
bars are SEM.
(D) Mean apical cell area (mm2). Error bars are SEM.
(E) Summary of MyoII localization and the average apical size of cells in control, UAS-ecad, and e-cad/+ embryos.
See also Figure S3 and Movie S5.
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E-Cad Fluctuations Induce MyoII Oscillatory FlowsFollowing downregulation/upregulation of E-cad, its mean junc-
tion intensity was significantly changed (Figures S3A and S3B),
whereas its planar polarized distributionwasmaintained (Figures
S3A and S3C). Accordingly, flow polarity was not affected by the
general increase/decrease of E-cad levels (Figure S3D). In
conclusion, high steady-state E-cad concentrations reduce
medial MyoII movements, whereas they are increased by a
mild reduction of E-cad concentration. This suggests that the
concentration of E-cad modulates the probability of having sig-
nificant asymmetric anchorage of pulling forces, thereby of trig-
gering a flow.
E-Cadherin Levels Control Pulling Forces Exerted by
Medial Actomyosin
The effects of E-cad concentration on MyoII dynamics led us to
test whether the levels of E-cad define the strength of pulling
forces of the actomyosin network by mechanical coupling.
Because pulling forces cannot be measured directly, we used
an indirect approach. We performed focal ablation (diffraction
limited, 5 ms long) in the actomyosin network (Rauzi et al.,
2008, 2010) and looked at the kinetics of network relaxation
away from the point of ablation. The peak velocity of relaxation
reflects the effective tension in the network. On intermediate
timescale (20–30 s), the fragmented network relaxes towardDevethe junctions at a speed that depends on the network viscoelas-
ticity and on mechanical coupling strength at the network
boundaries, i.e., junctions. Consistent with this, in wild-type
cells, ablation of an aggregating MyoII cluster was followed by
actomyosin relaxation toward junctions (Figure 3A; Movie S6).
However, in a-catenin RNAi cells (where E-cad complexes are
absent), no relaxation toward junctions was observed and cen-
tripetal flow persisted toward the medial cluster (Figure 3B;
Movie S6). This argues that actomyosin-dependent traction
forces on junctions increase the effective network tension. We
then tested the effect of E-cad levels on actomyosin relaxation
toward junctions following focal ablation. We performed focal
ablation in wild-type, E-cad overexpressing cells and heterozy-
gous shg null mutants. The mean relaxation speed of medial
MyoII increased 30% upon E-cad overexpression and was
reduced by 20% in heterozygous shg null mutants (p = 0.006
and 0.0014, respectively) (Figures 3A and 3C–3E; Movie S6). In
WT cells, E-cad levels are higher in transverse than in DV junc-
tions (Blankenship et al., 2006; Levayer et al., 2011; Simo˜es
et al., 2010). Interestingly, actomyosin relaxation toward junc-
tions was 25% faster toward transverse than DV junctions (p <
104, Figures 3F and 3G; Movie S6). In all these situations, the
speed and the polarity of relaxation do not correlate with junc-
tional MyoII distribution (compare Figures 2C and 3E and Figureslopmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inc. 165
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Figure 3. E-Cad Concentration Sets Medial-Apical MyoII Anchoring Forces
(A–D) Relaxation of medial-apical MyoII upon point focal nanoablation in controls (A), cells strongly depleted of a-cat by RNAI (B), heterozygous shg null mutants
(e-cad/+) (C), and embryos overexpressing e-cad (UAS-ecad) (D). Blue lines show the cell outlines. Orange arrowheads show the ablation points. Scale
bars represent 5 mm.Middle: snapshots of the relaxation 0.5 (green), 10.5 (red), and 20.5 (blue) seconds after ablation. Structures appearing in white are immobile
whereas clear separated colors indicate fast relaxation (or sustained centripetal movements in a-cat RNAi). Color arrowheads show the successive position
of some bright medial MyoII particles (green, +0.5 s; red, +10.5 s; blue, +20.5 s postablation). Right: relaxation of medial apical MyoII shown by PIV (integrated
over 20 s, one frame/0.5 s). Blue lines, cell outline; red arrowheads, point of ablation; white dashed squares, central ROI used for PIV analysis. Scale bars
represent 2 mm.
(E) Mean speed of relaxation of medial-apical MyoII calculated by PIV integrated over 20 s (mm/s) in controls, e-cad/+ and UAS-ecad embryos. Error bars
are SEM.
(F) Focal nanoablation (orange arrowhead) in WT embryos expressing MyoII::mCherry (green) and E-cad::GFP (red). Scale bar represents 5 mm. Right: relaxation
of medial-apical MyoII shown by PIV (30 s integration following ablation, one frame/2 s, the blue line shows the cell contour). The white dashed square is the ROI
used for PIV analysis.
(G) Left: cartoon showing the orientation of cells used for PIV analysis (A, anterior; P, posterior; D, dorsal; V, ventral; u, speed in AP direction; v, speed in DV
direction). Middle: average ratio of the mean displacement of medial-apical MyoII in AP direction (juj) over DV direction (jvj) (PIV integrated on 30 s following
ablation). The p value is obtained with a one-sample t test with 1 as reference. Right: cartoon showing the average steady-state levels of E-cad (red) and the
average direction of the relaxation of medial-apical MyoII following ablation (green arrows). Error bars are SEM.
See also Movie S6.
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E-Cad Fluctuations Induce MyoII Oscillatory Flows1A and 3F and 3G) but with E-cad levels, suggesting that E-cad
distribution, and not junctional MyoII, set the amplitude and the
direction of medial MyoII pulling forces. Together, these data
argue that E-cad levels define the strength of coupling at junc-
tions and control pulling forces exerted by the apical actomyosin
network. The distribution of these pulling forces defines the me-166 Developmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inchanical landscape explored by the network and its flow pattern.
High steady-state concentrations of E-cad increasemedial acto-
myosin network tension and inhibit flow because it produces
mechanical balance, whereas reduction of E-cad concentration
reduces network tension and favor flow by increasing the likeli-
hood to obtain unbalanced anchoring forces.c.
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Figure 4. Medial MyoII Flows Oscillate between Anterior and Posterior DV Junctions
(A) Snapshots of an intercalating cell during GBE labeled with E-cad::GFP and MyoII::mCherry. t = 0 s corresponds to the time t = 90 s in Movie S7,top. White
arrowheads show the alternating flows in anterior (left) and posterior (right) directions. Scale bar represents 5 mm.
(B) Kymograph of MyoII::mCherry extracted from the white dashed line shown in (A) (AP direction in X, time in Y). White arrowheads show the alternating
accumulation of MyoII near the anterior (left) and the posterior (right) DV junction. One frame/3 s. White scale bar represents 5 mm.
(C) Schematic of the ROIs used for medial MyoII intensity analysis and the ROI used for PIV and medial MyoII speed calculation along anteroposterior axis (red,
left; purple, right; blue square, PIV ROI; A, anterior; P, posterior; D, dorsal; V, ventral; A.U., arbitrary unit). Right: representative plot of MyoII intensity in the left and
right ROIs of the same cell.
(D) Distribution of the normalized cross-correlation between left and right medial MyoII intensity at t = 0 (no time delay, see Experimental Procedures). One circle =
one cell, the red bar is the average. P value is calculated with a one-sample t test with 0 as reference.
(E) Fluctuations in time of the ratio of MyoII intensity in the right and left ROIs shown in (C) (IR/IL) (red curve) and fluctuations of medial MyoII speed along an-
teroposterior axis calculated by PIV (see Experimental Procedures) (blue curve, AP speed) from the same cell. One frame/3 s.
(F) Autocorrelation function calculated for the red curve shown in (E). The apparent period is extracted by localizing the second peak of correlation (black arrow).
(G) Distribution of periods extracted from autocorrelation curves of the medial MyoII intensity ratio (red) and medial MyoII speed along AP axis (blue) (average =
107 ± 25 s and 106 ± 56 s, respectively). Note that the cells used for these two analyses were not necessarily the same.
See also Movie S7.
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E-Cad Fluctuations Induce MyoII Oscillatory FlowsFluctuations in E-Cadherin Asymmetries Are Polarized
When junctional E-cad levels are asymmetric, flow is consis-
tently oriented toward the junctions with more E-cad complexes.
During intercalation, actomyosin flows are organized along the
AP axis, but, in any cell, flows alternate randomly toward the
anterior (A, left) and the posterior (P, right) directions, allowing
shrinkage of each junction in alternation (Figures 4A and 4B;DeveMovie S7). Figures 4C and 4D show significant anticorrelation
between left and right medial MyoII intensity, p < 105). Both
autocorrelation analysis of medial MyoII intensity ratio between
the left and right region of interest (ROI) in nearby AP junctions
(Figure 4C) (a proxy for flow) and autocorrelation of the medial
MyoII speed along AP axis measured by PIV-identified periods
varying between 60 and 180 s (average = 107 ± 25 s with MyoIIlopmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inc. 167
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Figure 5. E-Cad Fluctuations Are Set by E-Cad Clathrin-Mediated Endocytosis
(A) Intercalating cell during GBE labeled with E-cad::GFP and the ROIs used for the measurement of E-cad::GFP integrated intensity ratio fluctuations (red,
vertical junctions; blue, transverse junctions). D, dorsal; V, ventral; A, anterior; P, posterior. Scale bar represents 5 mm.
(B) Top: cartoon showing the localization of E-cad clathrin-mediated endocytosis (CME) in controls (water injected), embryos injected with an anti-E-cad (see
Experimental Procedures), and embryos injected with chlorpromazine (purple, based on Levayer et al., 2011 and Figures S5A and S5B). Bottom: examples of
E-cad integrated intensity ratio fluctuations for vertical (red) and transverse (blue) junctions in each condition. One frame/3 s. Light curves are the corresponding
ratio after smoothing (used for fluctuation measurement).
(C) Levels of fluctuations of vertical (triangles) and transverse (squares) E-cad::GFP integrated intensity ratio (s1). One symbol = one junction pair. Bars are
averages.
See also Figures S4 and S5 and Movies S8 and S9.
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E-Cad Fluctuations Induce MyoII Oscillatory Flowsintensity ratio, 106 ± 56 s by PIV; Figures 4E–4G). Thus, the suc-
cessive left and right flows along the AP axis could be driven by
transient asymmetries of anchorage between A and P. Such
asymmetries would be lower/less frequent along the DV axis
due to higher mean levels of E-cad complexes in transverse
junctions (Blankenship et al., 2006; Levayer et al., 2011; Simo˜es
et al., 2010) resulting in DV-oriented mechanical balance and
flow inhibition.Wemeasured the E-cad::GFP integrated intensity
ratio between two facing DV junctions in single cells (Figure 5A).
The intensity was thresholded to extract the contribution of
E-cad::GFP homophilic clusters (Cavey et al., 2008) (that trans-
mit tension) from that of monomers. Thus, wemeasured the ratio
of total clustered E-cad between facing junctions, which is ex-
pected to reflect the ratio of resulting traction forces (Figure 3)
on both sides of a cell. As shown in Figure 5B, two distinct fluc-168 Developmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Intuations with different frequencies contributed to E-cad ratio dy-
namics: there were high-frequency fluctuations of low amplitude
that we removed by smoothening the data because they re-
flected acquisition noise and occurred on a short timescale
with respect to actomyosin dynamics. Interestingly, there were
also large amplitude fluctuations on a longer timescale that
were commensurate with flow frequencies (60–180 s, compare
Figures 4C and 4E with Figures 5B and S4A) and which we ana-
lysed. We used a homologous recombination line (endoEcad::
GFP) or a random insertion (ubiEcad::GFP) and the results
were qualitatively the same. This ratio showed 50%–100% vari-
ations along the AP axis (Figures 5B and S4A; Movies S7, top,
and S8, top), indicating that the respective amount of
E-cad::GFP clusters in the anterior and the posterior junctions
varied. Remarkably, the fluctuations were significantly reducedc.
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Figure 6. E-Cad Fluctuations Correlate with MyoII Flow Direction
(A) Schematic of the ROIs used for E-cad::GFP integrated intensity ratio (red) and medial MyoII::mCherry intensity ratio (green) analysis.
(B) Representative plot of E-cad and MyoII ratio fluctuations from the same cell. The dotted lines are linear fits. The right graph shows the residual of the two
curves, which are used for cross-correlation calculation.
(C) Averaged cross-correlation function of E-cad and MyoII ratios (red curve) and the negative control (blue curve, E-cad ratio and MyoII ratio from different
embryos) n = 39 cells, maximum correlation = 0.258, p < 105 with negative control, D t = 0 s, with D t < 0 representing events occurring prior to E-cad ratio, D t >
0 events occurring after E-cad ratio; one frame/3 s. Error bars are SEM.
(D) Snapshot of an intercalating cell expressing E-cad::GFP (red) and MyoII::mCherry (green). The two white dashed rectangles are the ROIs used for E-cad
intensity ratio measurement (integrated intensity after thresholding). The blue vectors are the instantaneous PIV vectors (using a time-averaging window of nine
frames = 27 s, one frame/3 s). The white square is the central ROI used for anteroposterior speed calculation. Scale bar represents 2 mm.
(E) Left: representative plots of E-cad ratio (red) and instantaneous speed of medial MyoII along anteroposterior axis (AP MyoII speed). The dotted line is a linear
fit. Right: graph shows the residual of E-cad ratio and the AP MyoII speed, which are used for cross-correlation calculation.
(F) Averaged cross-correlation function of E-cad ratio andmedial MyoII AP speed (red curve) and the negative control (blue curve, E-cad ratio andMyoII AP speed
from different embryos) n = 32 cells, maximum correlation = 0.24, p < 104 with negative control, D t = 12 s, indicating that medial MyoII displacement slightly
precedes E-cad ratio variation. Error bars are SEM.
See also Figures S4 and S5 and Movies S7 and S9.
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E-Cad Fluctuations Induce MyoII Oscillatory Flowsbetween opposite transverse junctions than opposite DV junc-
tions (p < 105; Figures 5B, 5C, S4A, and S4B; Movies S7, top,
and S8, top). We also cross-correlated E-cad::GFP ratio fluctua-
tions and mean MyoII intensity in flanking apical regions (Fig-
ure 6A). Therewas a significant correlation compared to a control
where such profiles were from different cells in different embryos
(p < 105, Figures 6A and 6C; p = 0.00059, Figures S4C and
S4D). The same correlation was found between E-cad intensity
ratio and medial MyoII speed along AP axis measured by PIV
(Figures 6D–6F, p = 0.00012; Movie S7, bottom). Thus, clustered
E-cad ratio fluctuations are planar polarized and correlate
strongly with the orientation of actomyosin flows.DeveE-Cadherin Endocytosis Controls E-Cadherin
Fluctuations and Actomyosin Flow
The correlation between E-cad ratio fluctuation and MyoII flow
led us to investigate the mechanisms responsible for polarized
E-cad ratio fluctuations. The amplitude of fluctuations is higher
in DV junctions where the mean concentration of E-cad is also
lower, compared to transverse junctions. This suggests that
E-cad endocytosis, which is upregulated in DV junctions and re-
duces the concentration of E-cad compared to transverse junc-
tions (Levayer et al., 2011), may be important. E-cad endocytosis
is clathrin- and dynamin-dependent during gastrulation (Levayer
et al., 2011). Injection of an inhibitor of clathrin (chlorpromazine),lopmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inc. 169
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Figure 7. E-Cad Fluctuations and Actomyosin Flows Are Triggered by Endocytosis and Amplified by Actomyosin Flow
(A) Vectors of medial MyoII displacement (PIV, integration over 200 s, one frame/2 s) in controls (water injected), anti-E-cad and chlorpromazine (Chlorp.)-injected
embryos. Blue lines are cell contours. White dashed squares are the central ROIs used for PIV analysis. Scale bars represent 5 mm. Note that the norm of the
vectors in each condition cannot be compared as they are scaled in each condition in order to show the polarity.
(B) Average juj/jvj ratio calculated by PIV (one value per cell). P value are obtained with a one-sample t test (1 is the reference). u, mean integrated speed along AP
axis; v, mean integrated speed along DV axis (see diagram, A, anterior; P, posterior; D, dorsal; V, ventral). Error bars are SEM.
(C) Average integrated speed (mm/s) along AP axis (juj) and DV axis (jvj) for each condition. Error bars are SEM.
(D) Schematic showing the averaged integrated speed of medial MyoII along AP and DV axis in WT cells and cells from embryos injected with anti-E-cad or
chlorpromazine (average situation).
(E) E-cad::GFP integrated intensity ratio fluctuations in the dorsal region during GBE upon injection of anti-E-cad antibody mix or the secondary antibody alone
(blue, anti-rat; red, anti-E-cad mix; one circle, one junction pair, bars are averages). Here no distinction was made between AP- and DV-oriented junctions; one
frame/3 s.
(F) Snapshots of a transient E-cad::GFP intensity increase (red, white arrowhead) upon MyoII flow (green). Scale bar represents 5 mm.
(G) Left: schematic of the ROIs used for E-cad::GFP (red) and medial MyoII::mCherry (green) intensity analysis; A, anterior; P, posterior; D, dorsal; V, ventral.
Middle: representative plot of E-cad::GFP integrated intensity (on a single junction) and mean medial MyoII::mCherry intensity fluctuations (A.U., arbitrary units).
The dotted lines are linear fits. The right graph shows the residual of the two curves, which are used for cross-correlation calculation. One frame/3 s.
(H) Averaged cross-correlation function of E-cad::GFP intensity and medial MyoII intensity (red curve) and the negative control (blue curve, E-cad::GFP intensity
andMyoII::mCherry intensity from different embryos) n = 42 junctions, maximum correlation = 0.256, p < 105 with negative control,D t =6 s,meaning thatMyoII
fluctuations slightly precede E-cad fluctuations. Error bars are SEM.
(I) Top: schematic of the ROIs used for intensity measurement (red, E-cad::GFP, transverse junction; green, medial MyoII::mCherry) and the localization of the
ablation point (yellow lightning). A, anterior; P, posterior, D, dorsal; V, ventral. Bottom: averaged cross-correlation function of E-cad::GFP intensity and mean
medial MyoII::mCherry intensity following focal ablation (red curve). The blue curve is the negative control (medial MyoII::mCherry intensity following focal ablation
and E-cad::GFP intensity from another cell). n = 22 junctions, maximum correlation = 0.394, p = 0.0004 with negative control,D t =4 s. One frame/2 s. Error bars
are SEM.
(legend continued on next page)
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Developmental Cell
E-Cad Fluctuations Induce MyoII Oscillatory Flowswhich upregulates the levels of E-cad and causes a loss of E-cad
planar polarity (Levayer et al., 2011), reduced the amplitude of
E-cad ratio fluctuations in DV junctions compared to DV junc-
tions in control (p = 0.0039, Figures 5B and 5C; Movie S8, top).
E-cad fluctuations were, however, unchanged in transverse
junctions between control and chlorpromazine injected embryos
(p = 0.97). Conversely, we upregulated E-cad endocytosis in
transverse junctions by injecting an anti-E-cad IgG directed
against the ectodomain (Oda et al., 1994) mixed with a second-
ary antibody. This upregulates E-cad endocytosis specifically
(Levayer et al., 2011). Clathrin recruitment at adherens junctions
was indeed upregulated in transverse junctions and no longer
planar polarized (Figures S5A and S5B). Remarkably, integrated
E-cad ratio fluctuations increased in transverse junctions
compared to controls (p = 0.0038, Figures 5B and 5C; Movie
S8, top), whereas fluctuations in DV junctions were unchanged
(p = 0.50). Thus, increasing (respectively reducing) the rate of
E-cad endocytosis causes an increase (respectively decrease)
in integrated E-cad ratio fluctuations. The same qualitative re-
sults were obtained with the ubi and endoEcad::GFP lines (Fig-
ures 5C and S4B).
Remarkably, upregulation and inhibition of E-cad endo-
cytosis disrupted the normal planar polarization of flows (Figures
7A and B; Movie S8, bottom), although the causes were diff-
erent. In chlorpromazine-injected embryos, AP- and DV-
oriented flows were strongly reduced (p < 105, Figure 7C),
causing medial accumulation of MyoII apically (Figure 7A and
Levayer et al., 2011) similar to when E-cad was overexpressed
(Figures 2A and 2C). Chlorpromazine effects on flow are
E-cad-specific and do not rely on indirect effect on actin reg-
ulators as it did not affect actomyosin flow when flow was un-
coupled from E-cad by a-catenin RNAi (Figures S5C and S5D;
Movie S9, top). Upregulation of E-cad endocytosis increased
actomyosin mean flow speed toward transverse junctions
(p = 0.008, Figure 7C), whereas flow toward DV junctions was
unchanged (p = 0.89). Flow was thus randomized. This treat-
ment, however, had no effect on junctional MyoII distribution
(Figures S5E and S5F). Moreover, the randomization of flow
was indeed due to upregulation of E-cad endocytosis (rather
than possible other effects on E-cad at the membrane) because
chlorpromazine injection blocked the effect of the IgG and flow
was inhibited (Figures S5G and S5H; Movie S9, bottom). We
conclude that polarized E-cad endocytosis in DV junctions trig-
gers polarized E-cad fluctuations and flow orientation along the
AP axis.
Triggering and Amplification of E-Cadherin Fluctuations
We have shown that flow emerges from amechanical imbalance
caused by transient E-cad asymmetries at cell junctions and that
E-cad endocytosis induces flow. This suggests two possibilities.
Endocytosis may alone produce large E-cad fluctuations. Alter-
natively, fluctuations may be triggered by endocytosis and
amplified by actomyosin flow itself. In this case, a mechanical(J) Snapshots of medial MyoII detachment from the junction (yellow arrows) and
heads), 59/67 events of MyoII detachment are concomitant with E-cad vesicle b
(K) Kymograph of MyoII::GFP flow initiation (pseudo colors) extracted from the w
E-cad vesicle appears (right side). Scale bar represents 1 mm.
See also Figure S6 and Movie S8.
Devefeedback amplifies an initial weak bias triggered by E-cad endo-
cytosis. We upregulated the endocytosis of E-cad in dorsal cells
that did not have apical medial MyoII accumulation and flow (Fig-
ures S6A and S6B; Levayer et al., 2011). The anti-E-cad IgG
induces clathrin recruitment at cell junctions and E-cad endocy-
tosis, as in the lateral ectoderm (Levayer et al., 2011). However,
there was no upregulation of E-cad fluctuations (Figure 7E), in
contrast to ventrolateral cells (Figure 5C). This suggests that
E-cad endocytosis is required to trigger E-cad fluctuations, but
that flow is also needed to amplify them. Consistent with this,
each MyoII flow event correlated with an increase of E-cad::GFP
integrated intensity in the targeted junction (Figures 7F–7H,
p < 105) and medial MyoII AP speed measured by PIV
slightly preceded E-cad ratio fluctuations (Figures 6E and 6F,
D t = 12 s). Moreover, triggering flows toward transverse junc-
tions with focal laser ablation also induced E-cad concentration
in this junction (Figure 7I, p = 0.0004). This suggests that as the
flow progresses toward a junction, it increases mechanically
the number and/or size of E-cad clusters. This in turn amplifies
the E-cad asymmetry between the two facing junctions. We pro-
pose that E-cad endocytosis triggers flow by disrupting the
mechanical linkage between E-cad clusters and the actomyosin
network. Consistent with this, 88% (n = 67) of actomyosin
detachment events from the junctions were associated with
the release of an E-cad endocytic vesicle (tracked with injected
anti-E-cad; Figures 7J and 7K).
DISCUSSION
Our results lead us to propose a model of actomyosin flow po-
larization in epithelial cells. Flows are planar polarized (Rauzi
et al., 2010) and oscillate by alternating direction toward the
anterior and the posterior. This alternation ensures that all junc-
tions shrink in a stepwise manner across the entire tissue under-
going convergence extension and thus, all cells intercalate.
Each flow is a symmetry-breaking event and it has remained un-
clear how this polarity is controlled. We show that it critically de-
pends on polarized fluctuations of E-cadherin complexes at the
periphery of the medial apical actomyosin network. We show
that (1) the concentration of E-cadherin complexes sets medial
actomyosin pulling forces on junctions, (2) E-cadherin com-
plexes and the resulting traction forces are temporally and
spatially controlled as follows: E-cadherin asymmetries along
the AP axis attract flows (Figure 8A); these asymmetries are tran-
sient and alternate from ‘‘left’’ (anterior) to ‘‘right’’ (posterior) etc.
resulting in planar polarized E-cad fluctuations and planar polar-
ized flows, and (3) endocytosis triggers these E-cadherin fluctu-
ations (Figure 8B).
We first report that E-cadherin levels control the pulling forces
of the medial actomyosin network (Figure 8C). Mechanical
coupling of actin filaments by E-cad/a-catenin complexes in-
creases the effective tension in the actomyosin network (Fig-
ure 3) and pulling forces exerted by the network depend onthe budding of an E-cad vesicle labeled with injected anti-E-cad (blue arrow-
udding. One frame/2 s. Scale bar represents 1 mm.
hite dashed line shown in (J). The blue arrowhead marks the time point when
lopmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inc. 171
++
Junction shrinkage
E-cad endocytic vesicle
Medial MyoII
E-cad complex
Junctional MyoII
Balanced pulling forces
Unbalanced  pulling forces
C
av
er
ag
e 
A
P 
an
d 
D
V
 fo
rc
es
D
V
PA
wt E-cad ++ E-cad -/+ E-cad  
endocytosis ++
E-cad 
endocytosis -
Ac
to
m
yo
si
n 
 m
ea
n 
in
te
gr
at
ed
B
D
A
Time
1 cycle (107 +/- 30sec)
D
V
PA
pu
lli
ng
D
V
PA
junction tension
Figure 8. Model of the E-Cad-Dependent MyoII Flow Initiation and Oscillatory Behavior during Germ Band Extension
(A) MyoII flows alternate anterior and posterior directions (orange arrows) and correlate with imbalances of E-cad integrated intensity (green lines) between facing
DV junctions. Each flow induces junction shrinkage (black arrowheads) and local deposition of MyoII in the junction plane (orange lines). One cycle (time between
two flows hitting the same junction) lasts 60–180 s. A, anterior; P, posterior; D, dorsal; V, ventral.
(B) Model of MyoII flow initiation. Medial MyoII pulls on junctions through its anchoring to E-cad complexes (orange dashed lines). Junction tension is set by the
junctional pool of MyoII (pink lines). E-cad endocytosis breaks anchoring points, thereby generating an imbalance of medial MyoII pulling forces (red dashed line)
and initiating flow toward the facing junction. Flow initiation increases E-cad concentration in the facing junction, which feedbacks positively on E-cad asymmetry
and MyoII flow. A, anterior; P, posterior; D, dorsal; V, ventral.
(C) Expected average medial MyoII pulling forces (as reflected upon ablation) along AP and DV axis in control (WT), upon overexpression of e-cad (E-cad++),
reduction of E-cad concentration (E-cad/+), general upregulation of E-cad endocytosis (E-cad endocytosis++), and downregulation of E-cad endocytosis (E-cad
endocytosis). Green lines thickness is proportional to E-cad concentration. Red arrow thickness is proportional to expected medial MyoII pulling forces. A,
anterior; P, posterior; D, dorsal; V, ventral.
(D) Average integrated speed of medial MyoII along AP and DV axis (reflecting flow speed and flow frequency).
Developmental Cell
E-Cad Fluctuations Induce MyoII Oscillatory FlowsE-cad levels (Figures 3 and 8C). Four independent observations
exclude the possibility that junctional MyoII drives flow toward
junctions: cross-correlation analysis indicates that flow pre-
cedes MyoII accumulation at junctions (Rauzi et al., 2010)
(Figures S6C–S6E); relaxation speed following ablation is
greater toward transverse junctions with more E-cad and less
MyoII (Figure 3G); when E-cad asymmetries are induced flow
orientation is not associated with increased junctional MyoII
localization (Figure S2D); and when E-cad endocytosis is
upregulated (Figures S5E and S5F) flow can be reoriented
whereas junctional MyoII localization is unaffected. Therefore,172 Developmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inthe pattern of E-cad complexes at cell junctions determines
flow orientation by controlling the distribution of the pulling
forces of the network (Figures 8A–8D). E-cad asymmetries
orient flow toward junctions by building asymmetric anchorage
of pulling forces on the network boundaries (Figures 1, 8A, and
8B), thereby causing mechanical imbalance. In contrast,
elevating the levels of E-cad causes mechanical balance that in-
hibits flow (Figures 2, 8C, and 8D). We propose that the higher
levels of E-cad in transverse junctions reduce flow along the DV
axis compared to the AP axis by a similar increased mechanical
balance (Figures 8B–8D).c.
Developmental Cell
E-Cad Fluctuations Induce MyoII Oscillatory FlowsWe also show that E-cad endocytosis plays a central role
in orienting actomyosin flows at two levels. First, E-cad endocy-
tosis lowers the steady-state levels of E-cad in DV junctions
(Levayer et al., 2011) thereby increasing the probability of
mechanical imbalance due to potential fluctuations in E-cad
levels. Second, each endocytic event triggers a mechanical
imbalance along the AP axis (Figures 5, 7, and S4), most likely
by disrupting the mechanical connection between actin fila-
ments and E-cad complexes (Figures 7J, 7K, and 8B). Flow
then amplifies mechanical imbalance by increasing E-cad asym-
metries by a positive feedback on E-cad concentration in the tar-
geted junction (Figures 7 and 8B). The gradual accumulation of
medial MyoII in the vicinity of one junction during flow could
also amplify the anisotropy of pulling forces. Importantly, in the
wild-type, mechanical imbalance is planar polarized by polarized
endocytosis. Interestingly, the accumulation of E-cad driven by
MyoII flow could also influence the MyoII dynamics in the neigh-
boring cell, thereby potentially coordinating the mechanics
of neighboring cells. More specifically, the periodic oscillation
of actomyosin flows in individual cells raises the question of
whether these oscillations are mechanically coupled between
cells and, if so, how.
Flow polarization thus emerges from polarized fluctuations in
E-cad levels and feedback amplifications of E-cad asymmetries
by actomyosin flow. It will be important to understand howE-cad
complexes concentration is influenced by actomyosin flows
(Figures 7F–7I). The integrin system is regulated by actomy-
osin-driven tension (Schwartz, 2010; Vogel and Sheetz, 2006)
and several reports support the idea that E-cad complex compo-
sition may be regulated by tension (Ladoux et al., 2010; Leck-
band et al., 2011; Shewan et al., 2005; Yamada and Nelson,
2007; Yonemura et al., 2010).
This work opens interesting perspectives regarding the pa-
rameters controlling MyoII flow pseudo-oscillatory behavior
(alternating anterior and posterior directions). Conceptually, os-
cillations require a combination of a positive feedback and de-
layed negative feedback. The positive feedback could be based
on the amplification of E-cad asymmetry driven by MyoII flow.
One interesting candidate for the delayed negative feedback
would be the induction of E-cad endocytosis by junctional MyoII
(Levayer et al., 2011): following flow, MyoII accumulates in the
junction plane (Rauzi et al., 2010) and could consequently in-
crease the rate of E-cad endocytosis (Levayer et al., 2011),
therefore reducing E-cad concentration and inducing flow in
the opposite direction. These self-organizing properties of acto-
myosin web would be based on the multiple feedbacks between
E-cad and Myo-II.
Our findings also indicate that fluctuations and mechanical
instability are not the consequences of limited control over the
systems key parameters, but rather that they define the axis of
symmetry breaking. Conceptually, no pattern of stable E-cad
asymmetries would allow the shrinkage of all vertical junctions.
However, fluctuations in these asymmetries circumvent this
problem because they induce alternative flows toward the ante-
rior and posterior of the embryo. Thus, the steady-state descrip-
tion of planar polarity is not sufficient to fully comprehend the
dynamics and the polarity of the germ band. Similar transient
asymmetries could be required in other developmental instances
and could have been neglected.DeveEXPERIMENTAL PROCEDURES
Fly Strains and Genetics
The following fly lines were used: sqhAX3; ubi-Ecad::GFP,sqh-Sqh::mCherry
(generated in the laboratory) (Rauzi et al., 2010), ubi-Ecad::GFP (on the sec-
ond, gift from H. Oda), endo-Ecad::GFP (recombination at the locus on the
second, gift from Y. Hong), sqhAX3; sqh-Sqh::GFP; sqh-Sqh::GFP (gift from
R. Karess), eve.stripe3-Gal4 (on the second, Bloomington), UAS-ecad::GFP
(on the second, gift from H. Oda), UASp-mRFP (on the third, gift from M. Lilly),
sqh-Clc::mCherry (on the second) (Levayer et al., 2011), FRT80B ubi-nlsGFP
(Bloomington), and sqh-utABD::GFP (Rauzi et al., 2010).The following alleles,
shotgun2 (on the second, null allele, Bloomington) andUAS-Ecad (on the X, gift
of P. Rorth), were crossedwith the recombinant 67matTubGal4, sqh-Sqh::GFP
(on the second, produced in the laboratory) (Bertet et al., 2009) and embryos
laid by F1 mothers were analyzed (controls: 67matTubGal4, sqh-Sqh::GFP/+).
Injection and Drugs
Perivitelline injection of anti-E-cad (rat DCAD2, DSHB) coupled to the second-
ary anti-Rat (secondary antibody used to form a multivalent complex with the
primary anti-E-cad in order to cluster E-cad at the membrane) (Levayer et al.,
2011), anti-secondary Rat alone (control), and intracellular injection of chlor-
promazine and water were performed as described earlier (Levayer et al.,
2011). Injection of a-cat and e-cad dsRNA was performed as described in
Rauzi et al. (2010).
Image Acquisition and Analysis
Live Imaging
Live images and movies were acquired on a Perkin-Elmer confocal spinning
disk, objective 1003 oil, N.A. 1.4. Movies are maximum projections of
2–6 mm width, z slice spacing of 0.5 mm. Embryos were collected and pro-
cessed as described earlier (Cavey et al., 2008). Unless specified, imaging is
always performed in the ventrolateral region of stage 7 embryos. The dorsal re-
gion is defined by a band of ten cells width along DV circumference, between
the cephalic furrow and the posterior midgut invagination.
Analysis of medial-apical MyoII intensity ratio was performed on maximal z
projection of living embryos expressing sqh-Sqh::GFP. For each projection,
we subtracted to the signal the mean cytoplasmic intensity (regions without
visible medial web) plus 2 SD. The cell medial intensity is the integrated inten-
sity measured in manually traced ROIs (with ImageJ) following each cell con-
tour and shrunk by 5 pixels width (1 pixel = 0.08 mm). The total cell intensity was
measured with the integrated intensity of the same ROIs after expanding each
cell contour by 5 pixels. Each cell medial/total intensity ratio was divided by the
surface ratio of the two ROIs so that a value of 1 corresponded to a homoge-
nous signal.
Analysis of clathrin junction intensity was performed as described earlier
(Levayer et al., 2011). Analysis of junction MyoII planar polarity was performed
after maximal z projection of images acquired on living embryos expressing
sqh-Sqh::GFP. Junction mean intensity was calculated with the linescan func-
tion of Metamorph software (20 pixels width, maximal intensity, 1 pixel =
0.08 mm; planar polarity was obtained by calculating the relative junction inten-
sity for each junction ([junction intensity/mean embryo intensity] 1)). Each
junction was then classified according to its angle (90 = parallel to DV axis)
in order to obtain the mean relative junction intensity for each angle category.
Statistical tests were performed for each category of angle between embryos
injected with anti-Rat and embryos injected with anti-E-cad mix.
Analysis of E-cad intensity fluctuations were performed using ubi-
Ecad::GFP line always imaged with the same settings (except for Figure S4,
where endo-Ecad::GFP was used). The coordinates of junction vertex were
tracked during time either manually using ImageJ or automatically using Cell-
Track Software (Sacan et al., 2008) (for measurement in the dorsal region). To
remove the contribution of monomeric E-cad, we subtracted to the
E-cad::GFP signal the mean cytoplasmic intensity plus 2 SD for each movie.
Measurement of integrated intensity along the junction was performed with
ImageJ using a homemade plugin to read vertex coordinates across time
and measure the total intensity of a 20 pixel width line (1 pixel = 0.08 mm)
at each time point. The data were then loaded on Igor Pro Software for calcu-
lation of the ratio of integrated intensity between two facing junctions. Each
ratio curve was smoothed (30 time frames window = 90 s) in order to removelopmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier Inc. 173
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the time scale of MyoII flow. The levels of fluctuations (in s1) were then calcu-
lated as follows:
Cum: dif:=
PT
0
jRt +dt  Rt j
T
;
where T is the total time (s), R is the ratio of mean intensity, and t is the time
point. This measurement will both reflect the amplitude and the frequency of
fluctuations. Note that the same qualitative results were obtained through
the calculation of the SD (not shown):
Sdev=
1
T
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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Cross-Correlation
The normalized cross-correlation was calculated on Igor Pro Software using
the following formula:
CNðtÞ=
ZT
0

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0
ðgðtÞ  gÞ2dt
vuuut
;
where t is the time, T is the total time of analysis, and t is the lagtime.
The cross-correlations shown in the figures are averages of several cross-
correlation curves. The average cross-correlations are used to extract
the peak correlation value and the corresponding time delay. For cross-
correlation between E-cad integrated intensity in a single junction and
medial-apical MyoII, or for cross-correlation between E-cad integrated
intensity ratio and medial-apical MyoII ratio, we first performed a linear fit of
the intensity curves and cross-correlated the residuals in order to remove
long time scale trends. Negative controls were obtained through the cross-
correlation between the residual of MyoII intensity and E-cad intensity of two
independent cells.
To extract the average period of medial MyoII pseudo-oscillations, we
calculated the autocorrelation curve (using the formula above) of the medial
MyoII intensity ratio or medial MyoII speed along AP axis for each cell. The
localization of the second maximum of the autocorrelation curve (Figure 4F)
was used to extract the period (one value per cell).
The correlation between E-cad endocytic vesicle budding and flow initiation
was performed by counting in a blind test (by separating the channels) MyoII
detachment events (onset of a flow) and E-cad vesicle budding (stained with
anti-E-cadmix). These events were counted as concomitant if vesicle budding
occurred ±6 s in the vicinity of the location of MyoII meshwork detachment
from one junction.
PIV
PIV was performed on MATLAB using the MatPIV toolbox developed by J.K.
Sveen. Tissue drift was first corrected using the stack shuffling function of
ImageJ (European Molecular Biology Laboratory [EMBL] ImageJ). PIV analysis
was performed on single cell as follows.
Each image was subdivided in small template windows (32 3 32 pixels =
2.56 3 2.56 mm) used to perform cross-correlation with the next frame and
obtain a dx and dy displacement. The image was subdivided in templates
overlapping by 75%, so that the vectors of the vector field were separated
by 8 pixels (640 nm). Using smaller templates (16 3 16 pixels, 50% overlap)
did not change significantly the results, although the vector fields obtained
were more discontinuous (Figures S1F–S1H).
Once the vector field was obtained, we then restricted our analysis
(polarity and mean speed) to the most central vectors in order to avoid
perturbation by signal at junctions and neighboring cell signal. We used a
central square region of 50 3 50 pixels to 60 3 60 pixels (4–4.8 mm width)
as this was the optimum to catch a significant proportion of the medial cortex
while avoiding perturbation by signal at junctions (Figures S1A–S1C; Movie
S1). These vectors were not affected by junction signal as they were
unchanged if we performed PIV on cells after masking junction signal
(Figure S1I; Movie S1).174 Developmental Cell 26, 162–175, July 29, 2013 ª2013 Elsevier InThe final vector fields shown in the manuscript were then obtained with two
different temporal integration methods depending on the situation.
For some experiments (Figures 4E, 4G, 6D, 6F, S1J, and S1M; Movies S1
and S7; autocorrelation of MyoII speed along AP axis, cross-correlation
between MyoII AP speed, and E-cad intensity ratio), we needed a relatively
high temporal resolution (called ‘‘instantaneous’’ in the figures). Thus each
vector field displayed was obtained by averaging the displacement over nine
frames (18 to 24 s depending on the frame rate). We then slid this window
over time to capture how the PIV vector fields evolved. Medial MyoII antero-
posterior speed was then obtained by averaging the AP component of vectors
located in the central 60 3 60 pixels ROIs. The resulting curve was then
smoothed on Igor software using a 15 frames window (45 s) before performing
cross-correlation or autocorrelation.
For other data, such as measurement of flow polarities and mean speed, we
did a single average over the total duration of the 200 s movie (or 400 s in the
amnioserosa). Therefore, we obtained a single vector field that represents
persistent movement over 200 or 400 s. The total time averaging had little in-
fluence on the result of the analysis, as MyoII flow polarity could be character-
ized equally using 120, 240, or 360 s averaging (Figures S1D and S1E). The
mean integrated speed was calculated as follows: integration of displacement
vectors over 200 s, averaging of the norm of the resulting vectors in the ROI,
and division by the total time. As such, the mean speed will both reflect the ab-
solute speed of flows and their frequency over 200 s (this is not ameasurement
of single flow event speed). The mean speed over AP (u) and DV (v) axis was
calculated the same way: integration of the vectors on the total duration of
the movies, average in the ROI of the projected vector norms in AP or DV
direction, division by total time. The juj/jvj ratio is the ratio of the mean speed
along AP axis and the mean speed along DV axis for each cell. To obtain the
angles of displacement (Figures 1D and 1G), we first reoriented the cells (junc-
tion of interest at 90 on the right), then integrated in time and space all the vec-
tors of displacement in the central ROI. This provides a single vector of
displacement for each cell from which we extracted the angle. For the amnio-
serosa cells, the same procedure was applied except that pixel size was
reduced by two (1 pixel = 0.16 mm) and the displacement integrated over
400 s (the frequency of flows being approximately two times lower compared
with the germ band).
Nanoablation
Nanoablation of medial-apical MyoII was performed using an infrared femto-
second laser, as described earlier (Rauzi et al., 2010). Relaxation of medial
MyoII was measured by PIV through the integration of the medial MyoII move-
ments over 20 or 30 s according to the experiment in the central square region
(50–60 pixel width, 1 pixel = 0.08 mm).
Fixed Samples and Stainings
Collection and fixation of embryos was performed with the classical 4%
formaldehyde method (Levayer et al., 2011). The following antibodies were
used: chicken anti-GFP (Aves Laboratories, 1/1,000), rabbit anti-Zipper
(MyoIIHC, produced in the laboratory) (Levayer et al., 2011), and rat anti-
E-cad DCAD2 (DSHB, 1/50). Fixed samples were imaged using a confocal
microscope (LSM510, Carl Zeiss) using a Plan Achromat 633 NA 1.4 oil im-
mersion objective (Carl Zeiss). For every z stack, each plane was separated
by 0.5 mm.
Comparison of E-cad levels in UAS-ecad, e-cad/+, and WT was performed
by fixing and staining together all genotypes. E-cad overexpressing embryos
were recognized by the presence of MyoII::GFP (UASp-ecad; 67matTubGal4,
sqh-Sqh::GFP), WT embryos were carrying a ubi-nls::GFP, and e-cad/+
embryos were GFP-negative. Embryos were then scanned with the same set-
tings. Mean E-cad junction intensity was calculated measuring mean junction
intensity (linescan, 15 pixels wide, ImageJ) after thresholding (by subtracting
the mean cytoplasmic intensity + 2 SD). We obtained one value by embryo.
Planar polarity was obtained by calculating the relative junction intensity for
each junction ([junction intensity/mean embryo intensity]  1). Each junction
was then classified according to its angle (90 = parallel to DV axis) in order
to obtain the mean relative junction intensity for each angle category.
Statistics
All the error bars shown in the figures are SEM. Unless specified, all the
p values are calculated using a nonparametric Mann-Whitney test (MATLAB
statistic toolbox). For the characterization of flow polarity by PIV, p valuesc.
Developmental Cell
E-Cad Fluctuations Induce MyoII Oscillatory Flowsare calculated using one-sample t test (1 as reference value, MATLAB statistic
toolbox).SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and nine movies and can
be found with this article online at http://dx.doi.org/10.1016/j.devcel.2013.
06.020.
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